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The formation of long chain linear aldehydes by hydroformylation of terminal alkenes is a very important industrial process in the production of plasticisers, soaps and detergents. 1, 2 If the problem of catalyst separation could be overcome, rhodium based catalysts would be preferred over the currently used cobalt because of the milder operating conditions they require and their better selectivity to the desired linear products. 1, 2 A particularly promising approach to the separation involves reactions in the fluorous biphase. Horváth and coworkers first introduced the concept of carrying out such reactions in a mixture of organic (often toluene) and perfluorinated (often perfluoromethylcyclohexane) solvents, which are immiscible at room temperature. 3, 4 The catalyst is designed to be preferentially soluble in the fluorous phase and the product is contained in the organic phase. Phase separation allows the ready recovery of the product, whilst the catalyst remains in the reactor. The advantage of this system over aqueous biphasic systems 5 is that a single phase is formed on heating, so the catalyst and substrate are in intimate contact, but phase separation occurs rapidly on cooling. Horváth and coworkers used P(CH 2 CH 2 C 6 F 13 ) 3 as the ligand for hydroformylation and showed that a system could be developed that could be used 9 times with loss of only 4.2% of the rhodium (i.e.
an average of 0.45% per run or 120 mg (mol of aldehyde) 21 . 4 However, good linear selectivities could only be obtained if very large excesses (total concentration) of the expensive fluorous ligand were employed.
We now report that triaryl-phosphines or -phosphites containing fluorous ponytails can give higher rates and linear selectivities, particularly if the organic co-solvent (toluene) is omitted.
Our initial ligand screening programme suggested that rhodium complexes of P(O-4-C 6 H 4 C 6 F 13 ) 3 6 could give good linear+branched (l+b) ratios even when used in low concentration, so we sought to optimize its performance. The results are shown in Table 1 . † In toluene-perfluoro-1,3-dimethylcyclohexane (1+1), the activity is high even at low Rh (2 mmol dm 23 ) and ligand concentrations (6 mmol dm 23 ) ‡ and increases with temperature (experiments 3-5), whilst the l+b ratio is much higher than that obtained with P(OPh) 3 (experiment 1) or PPh 3 (experiment 2) under the same conditions in toluene or tolueneperfluoro-1,3-dimethylcyclohexane. This higher l+b ratio arises largely because of a decrease of branched aldehyde at the expense of isomerised alkene, and there is only a marginal increase in the selectivity towards the desired linear aldehyde. The l+b ratio decreases somewhat with increasing temperature, suggesting that ligand decomposition or reaction with the product aldehyde may be occurring. This is confirmed by the much increased leaching of both Rh and phosphorus into the organic phase at the higher temperatures. § Omitting toluene from the system leads to improvements in the system such that the rate, the l+b ratio and the selectivity to linear aldehyde are all increased (experiments 6-8). In addition, the leaching of rhodium and phosphorus from the fluorous † Electronic supplementary information (ESI) available: typical experimental details. See http:// www.rsc.org/suppdata/cc/b1/b110061k/ 3 ; 2 P(4-C 6 H 4 C 6 F 13 ). c Total isomerised product-generally > 95% oct-2-ene. d Conversion (100%-% residual oct-1-ene). e Selectivity to linear aldehyde (nonanal). f l+b = ratio of linear to all branched aldehyde products. The figure in brackets refers to the ratio of n-nonanal to the sum of the branched aldehyde + isomerised alkene products. g All reactions where rate constant is given were found to be 1st order in [oct-1-ene] to over 80% of oct-1-ene consumption. h TOF(I) = Initial turn over frequency. Moles 1-octene converted to aldehyde per mole Rh per hour. i Rhodium and phosphine loss to the organic product as % of loaded Rh or P and as ppm by weight per mol of aldehyde formed. j Reaction is zero order, zero order rate constant/mol dm 23 s 21 quoted.
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phase are greatly reduced and vary little as the temperature is increased, suggesting that the stability of the catalyst and ligand is greatly increased in the absence of toluene. In the absence of toluene the polar aldehyde phase separates as it forms, greatly reducing the possibility for destructive reactions between the phosphite and aldehyde. Increasing the concentration of the catalyst and the ligand (experiment 9) increases the rate somewhat, but also increases the l+b ratio, mainly again because more isomerised alkene is produced at the expense of branched aldehyde, although the best selectivity to linear aldehyde (75.6%) using this ligand is obtained with the higher catalyst and ligand loading at 60 °C (experiment 9). The leaching, in terms of percentage lost to the organic phase is also lowest at 2.6% (20.6 mg Rh (mol of aldehyde) 21 ) and 3.9% (28.6 mg P (mol of aldehyde) 21 ). We have noted similar high l+b ratios when using triaryl-phosphites for reactions carried out in supercritical fluids 7 or ionic liquid-supercritical fluid biphasic systems. 8 Given the problems of catalyst-ligand instability experienced with the fluorous derivatised phosphite, we investigated the use of the analogous phosphine, P(4-C 6 H 4 C 6 F 13 ) 3 , 6 which gives high rates for hydroformylation in scCO 2 , 9 again using only the fluorous solvent, although in this case perfluoromethylcyclohexane (experiments 10-12). This ligand proved to be much more stable than the phosphite and gave good rates and linear selectivities with little evidence for decomposition up to 80 °C, although increased Rh leaching occurred when reactions were carried out at 90 °C (experiment 12). The best results were obtained with a rhodium loading of 2 mmol dm 23 and a P+Rh ratio of 10+1 (experiment 10). Even at this ratio, the phosphine concentration is only 20 mmol dm 23 , compared with the loading of 152 mmol dm 23 used by Horváth and co-workers to obtain a similar l+b ratio with their phosphine, 4 and a loading of 200-300 mmol dm 23 used in commercial systems employing PPh 3 . 1 The results obtained under these conditions, presented diagrammatically in Fig. 1 , show that a linear selectivity over 80% can be obtained at a high rate and with excellent retention of rhodium (99.95%, loss of 0.08 mg Rh (mol aldehyde) 21 ) and phosphorus (96.7%, loss of 15.9 mg (mol aldehyde) 21 ) in the fluorous phase. These figures are compared with results obtained by Horváth and co-workers 4 and with results from publications and patents that are closely related to the commercial systems 1,10,11 in Fig. 2 . This comparison shows that at similar rhodium concentrations and pressures to those used commercially, but at much lower temperatures and phosphine loadings (important because of the cost of the fluorous phosphine), experiment 10 gives much higher rates (expected because of the lower phosphine loading) and comparable selectivities (l+b and linear aldehyde), especially when it is remembered that the commercial system uses propene, which cannot isomerise and in experiment 10, 3.7% of the selectivity is lost to alkene isomerisation. It seems that the major advantage in our system over the commercial systems is that high linear selectivities can be obtained at much lower phosphine loading and hence high rates do not need to be compromised.
Horváth and co-workers used a lower catalyst loading but higher [phosphine], so it is not surprising that their rate was lower. Their selectivity was also lower but the leaching of rhodium per mol of aldehyde produced is similar in the two systems. Although, they did not measure phosphorus leaching they acknowledged that it was significant; we have estimated it at 3% per reaction (i.e. comparable to the losses we observe) based on the change in l+b ratio and rate that they observed.
We conclude that triaryl-phosphines or phosphites bearing fluorous ponytails can give superior performance in terms of reaction rate, linear selectivity, and retention into the fluorous phase at lower ligand loadings than trialkylphosphine analogues. Extra advantages in terms of all of these parameters are obtained by working purely in the fluorous phase, which offers the added advantage that the alkene is completely miscible with the solvent, whilst the aldehyde phase separates. In addition, there are considerable advantages to the processing of the product since it does not have to be separated from an organic solvent such as toluene.
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Notes and references ‡ Low ligand concentrations are essential for the successful use of expensive fluorinated ligands.
§ Since the separation is always carried out at room temperature, a stable catalyst at a given concentration of ligand and metal should give the same amount of leaching regardless of the reaction temperature. Fig. 1 Diagrammatic representation of experiment 10; the catalytic hydroformylation of oct-1-ene in perfluorocyclohexane catalysed by a rhodium complex of P(4-C 6 H 4 C 6 F 13 ) 3 . 
